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ABSTRACT 
Fundamentals of forensic deoxyribonucleic acid (DNA) typing for sexual assault 
samples require the successful application of a differential extraction.  Gynecological 
swabs containing vaginal epithelial cells and sperm cells are commonly encountered in 
forensic casework.  A priority in sexual assault casework is the identity of the male 
contributor and in order to identify the male contributor, separation of the vaginal 
epithelial cells and sperm cells must be achieved.  Two considerations when separating 
the different cell-types from a substrate are cellular elution and purity of the DNA 
fractions.  Maximizing DNA yield is directly proportional to the number of cells eluted 
off of the swab and the extraction method utilized.  The trypsin-ZyGEM extraction 
method has shown results of increased DNA recovery on liquid mixture samples 
compared with the standard differential extraction, which uses proteinase K and 
dithiothreitol (DTT).  The trypsin-ZyGEM differential extraction protocol calls for the 
use of proteases EA1, incorporated in the forensicGEM extraction kit, and trypsin, a 
serine proteinase that has been discovered to effectively digest the DNA bound 
protamines in sperm cells.   
The trypsin-ZyGEM protocol follows a similar preferential lysis procedure to the 
standard differential extraction; however, everything is incorporated into one tube, 
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therefore, minimizing loss of DNA from transfer techniques in the trypsin-ZyGEM 
protocol.  Initially, epithelial cells are lysed using the forensicGEM enzyme and removed 
from solution after centrifugation.  Samples are subsequently treated with trypsin, 
digesting sperm cells.  The resultant solution contains the sperm cell DNA and other cell 
components.  The standard differential extraction commonly uses a Qiagen silica 
membrane column to purify DNA away from cellular proteins and other contaminants, 
ensuring successful downstream DNA testing with the polymerase chain reaction (PCR).  
However, treatment with the trypsin-ZyGEM method is followed by a second incubation 
with forensicGEM after sperm cells are lysed with trypsin.  Extracted samples can be 
quantified and followed through to DNA typing. 
Expanding previous studies and optimizing conditions of the dual enzyme 
approach were explored in this study for semen samples on cotton swabs.  When 
comparing DNA yields of extracted samples, tris-ethylenediaminetetraacetic acid (TE) 
buffer recovered more cells from the cotton swabs than phosphate buffered saline (PBS) 
buffer and Buffer ATL, used in the Qiagen QIAamp® DNA Investigator Kit.  Relative to 
DNA recovery of the standard Qiagen differential protocol, the trypsin-ZyGEM method 
on the cotton swab samples appeared subpar and could be attributed to ineffective 
cellular elution.  Additionally, carryover DNA into the non-sperm cell fraction was 
exhibited.  Procedures with Accumax, a cell detachment solution, were implemented in 
an attempt to elute more cells.  The resulting DNA yields were significantly lower in the 
presence of Accumax. 
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Contrastingly, incorporating trypsin directly into the elution TE buffer exhibited 
significant increases in DNA recovery.  The direct lysis of sperm cells on the swabs, 
rather than the two-phase method of eluting the cells from the swab and subsequently 
extracting the DNA, proved to be much more effective.  The swab remains from the 
elution and subsequent trypsin-ZyGEM method were re-extracted using the direct lysis 
method.  Whilst comparing DNA yields, it was discovered that approximately 90% of the 
cellular DNA was retained on the swab after the two-phase extraction method was 
performed. 
Experiments utilizing direct lysis with the trypsin-ZyGEM method, the standard 
Qiagen differential protocol, and the trypsin lysis followed by Qiagen extraction were 
performed on swab samples comprised of different semen concentrations resulting DNA 
yields and short tandem repeat (STR) DNA profiles were compared.  Results obtained 
indicated that the trypsin-ZyGEM method provided substantially larger DNA recovery 
yields and provided full STR profiles to a target mass of 0.0625 ng and average peak 
height ratios above 60%.  Successful implementation of this extraction procedure will 
require further studies with the addition of epithelial cells on the swab samples to mimic 
vaginal swab mixture samples.  These samples will help to determine purity of the DNA 
fractions and effects of epithelial cells on the trypsin-ZyGEM protocol. 
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1. INTRODUCTION 
 Biological samples in forensic casework involving sexual assault routinely 
consist of gynecological swabs that forensic laboratories process to generate the 
deoxyribonucleic acid (DNA) profile of the male contributor/perpetrator.  Degrees of 
success in establishing the DNA profile of the perpetrator are highly dependent on 1) the 
recoverability of spermatozoa on the gynecological swabs and 2) effective separation of 
the vaginal epithelial cells from the spermatozoa.  Other factors contributing to successful 
identification of the perpetrator(s) are the number of contributors, ejaculation volume, 
time elapsed between the assault and the collection of the swab, and swab collection and 
storage conditions.1,2  The primary objective in processing evidentiary sexual assault 
swabs containing both male and female DNA is the generation of the perpetrator’s DNA 
profile.  Thus, determining the most efficient method in the elution of the sperm cells 
from such swabs, followed by the extraction of the sperm cell DNA and downstream 
STR analysis is critical. 
1.1 Short Tandem Repeat DNA Analysis 
 Since the mid-1980s, forensic DNA typing has been revolutionized from the 
discovery of multiple hypervariable regions of DNA.3 As forensic DNA typing 
methodology evolved, methods that use short tandem repeat (STR) testing have become 
the recognized standard.  Short tandem repeats are hypervariable regions of DNA 
consisting of core sequence repetitions, also referred to as microsatellites.  The core 
sequence-repeating units are between two and seven nucleotides in length.3–5 A set of 
core STR loci was selected for human identity testing in forensic laboratories and is 
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incorporated in the Federal Bureau of Investigation (FBI) Laboratory’s Combined DNA 
Index System (CODIS), a DNA database for thirteen human genetic markers. The 
thirteen CODIS loci along with several additional loci have been incorporated into 
commercial STR kits.6,7  
 STR typing techniques consist of five main processes.  After the collection of 
the biological material, the first process is the extraction of DNA.  Following extraction, 
the recovered DNA is quantified using quantitative real-time polymerase chain reaction 
(qPCR).  The specific STR regions, which include the CODIS loci, are then targeted and 
amplified with polymerase chain reaction (PCR). The amplified DNA sequences are 
subsequently separated by size via capillary electrophoresis.  The lengths of the STR 
amplicons are used to determine the number of repeat units in each allele at each 
amplified locus.  Collectively, STR data from 13-16 loci is individualizing.  Except in 
rare instances, each individual will have a maximum of two alleles per locus because one 
allele is inherited from the mother and the other from the father.  The DNA profile is 
generated in the form of an electropherogram by computer software and the results are 
analyzed, where interpretation can be performed using population statistics, such as those 
presented by Budowle et al.5,8,9  
 Interpretation of single source samples is much less complicated relative to 
interpretation of mixture profiles containing DNA from two or more individuals.  
Detecting and deciphering the genetic markers and artifacts in mixture profiles requires 
experience and training.  Sexual assault vaginal swabs are commonly comprised of two 
or more contributors; one contributor inherently is the female victim and the other 
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contributor is the male perpetrator.  These intimate swabs are characterized by an 
imbalanced mixture of epithelial and sperm cells, where the female epithelium is 
generally in excess.  The unfavorable male to female cell ratio can make it very difficult 
to detect the alleles of the male contributor.  The abundance of female DNA can compete 
for the primers with the male DNA during PCR, which is termed preferential 
amplification.  Additionally, there is a masking effect of the minor contributor in cases 
where both contributors share common alleles.1,10,11  Thus, cell separation of both non-
sperm and sperm cells is essential to obtain two single-source autosomal STR profiles. 
1.2 Cellular Separation 
1.2.1 Differential Extraction by Preferential Lysis 
Separating mixed cell type samples consisting of male and female contributors 
has been a well-established forensic technique and produces suitable results for sexual 
assault cases.  The current protocol used by most forensic laboratories to obtain the male 
and female DNA profiles involves a differential extraction published by Gill et al.3  The 
differential extraction exploits cellular membrane differences between epithelial cells and 
sperm cells in a two-step differential lysis.  Initially, vaginal epithelial cells are 
preferentially lysed with proteinase K (PK) and an anionic detergent, typically sodium 
dodecyl sulfate (SDS), in a buffer solution.  The sample is then centrifuged so that the 
sperm cells are pelleted and the epithelial cell DNA remains in solution in the 
supernatant.  The supernatant is removed and the isolated sperm cell pellet is treated with 
proteinase K, SDS, and dithiothreitol (DTT), a reducing agent.  The combination of 
proteinase K, detergent, and reducing agent lyses the sperm cells, releasing the sperm 
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DNA.3  Both the sperm cell fraction (SF) and the non-sperm cell fraction (NSF) then 
follow downstream DNA typing analysis.3 Figure 1 demonstrates this preferential lysis 
extraction technique. 
 
 
 
Figure 1. Schematic of the standard differential extraction process.3  In mixture samples, the vaginal 
epithelial cells are preferentially lysed when combined with SDS, ethylenediaminetetraacetic acid (EDTA), 
and PK and incubated at 37 degrees Celsius (°C).  The robust sperm cells remain intact.  After 
centrifugation the fractions are separated and the addition of SDS, EDTA, and PK in combination with 
DTT lyse the sperm cells.  Both fractions are ready for quantification, amplification, and separation via 
capillary electrophoresis after purification of the DNA extracts. 
 
 
 Since the first publication of the differential extraction about 30 years ago by Gill 
et al., this method is still in use today.3  It has been slightly modified (Table 1a), however, 
remains largely unchanged. This preferential lysis method has also remained the forensic 
standard for cellular separation of cell types found on sexual assault evidence.  Although 
5 
this technique results in two fractions, incomplete separation of the sperm cells and the 
victim’s vaginal epithelial cells is commonly encountered.  The incomplete separation 
between the NSF and the SF causes difficulties in analysis and interpretation of mixed 
genotypes.  The forensic community is continuously seeking new advances and 
improvements in cellular separation of vaginal epithelial cells and sperm cells.  
Alternative techniques have emerged to separate the two types of cells and have been 
successfully implemented in some laboratories (Table 1b). 
 
Table 1. Published differential extractions.  As summarized by Fisher and Cotton.12,13  (a) Modification 
procedures of the standard differential extraction. (b) Alternative approaches to differential extractions. 
(a) 
Article Title Year Citation 
DNA extraction from mixtures of body fluid using mild preferential lysis 1992 14 
The modified method of two-step differential extraction of sperm and vaginal epithelial 
cell DNA from vaginal fluid mixture with semen 1995 
15 
Filtration based DNA preparation for sexual assault cases 2003 16 
Sperm DNA extraction from mixed stains using the Differex System (+3 other titles) 2004 17–20 
 
(b) 
Article Title Year Citation 
A physical method for separating spermatozoa from epithelial cells in sexual assault 
evidence 
1998 21 
Separation of sperm and vaginal cells with flow cytometry for DNA typing after sexual 
assault 
1999 22 
Use of laser micro-dissection greatly improves the recovery of DNA from sperm on 
microscope slides (+3 other titles) 
2003 23–26 
Separation of sperm and epithelial cells in a microfabricated device: potential application to 
forensic analysis of sexual assault evidence 
2005 27 
Application of pressure cycling technology (PCT) in differential extraction 2009 28 
DNA preparation from sexual assault cases by selective degradation of contaminating DNA 
from the victim 
2009 29 
Isolating DNA from sexual assault cases: a comparison of standard methods with a 
nuclease-based approach 
2012 30 
Development of a rapid, 96-well alkaline based differential DNA extraction method for 
sexual assault evidence 
2012 31 
Magnetic bead-based separation of sperm from buccal epithelial cells using a monoclonal 
antibody against MOSPD3 
2014 32 
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1.2.2 Flow Cytometry 
 One method to enhance physical separation of sperm cells and vaginal cells by 
cellular sorting is through flow cytometry followed by quantitative fluorescent PCR.  
This fluorescence-activated cell sorting approach exploits differences in sperm and 
vaginal cell properties such as cell size and shape, surface phenotype, cytoplasm, and 
ploidy.  Separation of the cells appeared to be most successful when DNA ploidy was the 
distinct marker of the two types of cells as proposed by Schoell et al.22  The cell sorting 
method appeared to be more sensitive than preferential lysis when a limited amount of 
sperm cells were present in an abundance of vaginal cells.  However, this method would 
require changing the collection of samples from vaginal swabs to vaginal lavages.22   
1.2.3 Microscopic Techniques 
 Isolation of sperm cells from a mixture with epithelial cells can be accomplished 
with a laser capture microdissection (LMD) microscope.  This relatively recent 
development is especially useful for sexual assault evidentiary items with a limited 
number of sperm cells.  The LMD process allows visual inspection of a mixture sample 
on a microscope slide.  Selective collection of sperm cells from a mixture with epithelial 
cells is performed by a laser beam.  The laser beam is able to “cut out” and remove the 
selected sperm cells from the specialized microscope slide and isolate the “cut out” cells 
into a new tube.23,24  This direct physical selection method has generated STR profiles of 
male donors, however, when used in conjunction with some histological staining 
techniques, such as hematoxylin/eosin and nuclear fast red/picroindigocarmine, lower 
peak heights were observed.  This was due to PCR inhibition of DNA by the dyes used in 
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the staining procedure.24  In contrast, the combination of LMD with Sperm HY-LITER™ 
(Independent Forensics, Lombard, IL) staining, a fluorescent kit used for the detection of 
human spermatozoa, produced DNA profiles which did not show a negative influence on 
DNA quality of the sperm cells.33  
Without staining techniques, the search for sperm cells on the microscope slide 
can be very time-consuming and labor intensive.  An alternative method utilizing a 
similar technique includes cellular micromanipulation (CMM) with a fine tip tungsten 
wire needle and adhesive water-soluble tape.  A LMD microscope and LMD equipment 
are not essential to perform this process; CMM can be performed on a compound light 
microscope, which greatly reduces the cost, however, a major limitation of CMM is that 
it is much more labor intensive. 
1.2.4 Use of Microfluidic Devices 
 The use of a microfluidic device has also shown results that circumvent 
incomplete separation of cellular mixtures.  On a microfabricated device, Horsman et al. 
demonstrated that rapid separation of vaginal epithelial cells and sperm cells is much 
simpler and cost-effective than conventional differential lysis.27  The separation occurs in 
a microchip device in which a mixture of epithelial and sperm cells is introduced at the 
inlet reservoir.  The larger epithelial cells settle to the bottom of the inlet reservoir.  When 
flow is induced, the sperm cells in the reservoir migrate toward the outlet reservoir, from 
which further downstream extraction and DNA analysis can occur.  This method also 
utilizes property differences between epithelial cells and sperm cells, primarily cell mass 
and charge.  The size, mass, and density of the cells affect the rate at which the cells 
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settle to the bottom of the inlet reservoir.  Using differences in sedimentation rates, this 
method has been successful to separate cells types for sexual assault casework and has 
the potential to resolve the time-consuming conventional method.27  
1.2.5 Pressure Cycling Technology 
 Traditionally in preferential lysis extractions, epithelial cells are initially lysed 
and sperm cells remain intact. Pressure cycling technology (PCT) approaches the 
differential extraction by lysing the sperm cells first.  In a study conducted by Nori and 
McCord, development of a selective pressure-based DNA extraction method was 
designed to extract DNA from sperm cells in sexual assault sample mixtures.28  Improved 
recovery was achieved using a pressure chamber where samples were subjected to 5,000-
35,000 pounds per square inch.  Phenol chlorophorm isoamyl alcohol purification was 
performed to filter salts and proteins, followed by downstream DNA analysis.28  The 
application of PCT to analyze sexual assault mixture samples provides an alternative 
approach to combatting DNA mixture analysis when separating the NSF and the SF.  
1.2.6 Enzymatic Treatment with DNase 
 Similar to the conventional method of differential extraction, Garvin et al. 
approached separation of the NSF and SF procedure by initially removing the vaginal 
epithelial cell DNA fraction from the sperm cells by lysing the epithelial cells with 
proteinase K.29  The soluble DNA was then degraded with a nuclease, DNase I.  
However, prior to nuclease treatment, an aliquot of the soluble vaginal cell DNA was 
removed to provide the victim’s profile.  The nuclease treatment reduced the amount of 
female DNA in the SF by over 1,000-fold, while only having a slight effect on the semen 
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samples.  Lower levels of male DNA were most likely due to lysis of male epithelial cells 
in the semen samples, however, the nuclease method showed promising STR profile 
results for the male fraction.29  
1.3 Considerations for Differential Extractions 
 Despite the DNA technologies for biological evidence discussed above, the 
forensic community has adopted the preferential cellular lysis method as the standard 
differential extraction. Two major factors to consider when developing a differential 
extraction process are 1) maximization of cellular elution from the substrate and 2) 
maximizing cellular separation, both of which contribute to increasing DNA yield.  These 
factors are affected by substrate material, buffer components, and premature sperm cell 
lysis.  The standard differential extraction used by crime laboratories is a process that is 
quite time-consuming.  Laboratories are attempting to modify the standard protocol to 
reduce time and resources needed to effectively separate the two cell types.   
1.3.1 Cellular Elution from a Substrate 
Studies have shown that the substrate material on which evidentiary samples are 
deposited can significantly impact analysis, from collection of the biological material to 
elution of cells from the substrate.  Benschop et al. discovered that nylon flocked swabs 
performed better than cotton fiber swabs in terms of the amount of DNA present after 
DNA extraction when cells were first eluted off of the swabs and then differentially 
extracted.2  Less DNA was retained on the nylon flocked swabs after DNA extraction, 
which could be due to the more open fiber structure than cotton.  Using LMD, it was also 
found that more intact sperm cells were eluted from the nylon flocked swabs than the 
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cotton swabs.  Another study by Field determined that nylon flocked swabs were also 
more efficient for post-coital samples because they do not have an absorbent core, which 
increases the ability to elute cells off of the swab.2,34  In a study conducted by McGrath, it 
was concluded that foam-tipped swabs resulted in the largest number of sperm cell 
released regardless of the detergent used compared to cotton and polyester swabs.35  
Release of the cells from the substrate is pertinent in forensic biology analysis, and the 
use of nylon, cotton, or polyester swabs can affect analysis. 
In order to effectively elute intact sperm cells from a substrate, commonly a 
cotton swab, the cells must first be rehydrated and then released and digested.  Hulme et 
al. utilized a two-phase recovery method to improve recovery of spermatozoa.36  This 
method incorporated a sonication step on the cotton swab and fabric samples, as well as 
optimized buffer components with a two-buffer system.36  Sonication of sperm cells in 
the presence of DNA buffers and DTT can provide a rapid DNA extraction technique, as 
concluded by Crouse et al.37  Samples subjected to sonication and DTT gave significantly 
greater amounts of sperm DNA than samples treated with sonication or DTT alone.  The 
average mass of DNA recovered from whole semen when using sonication techniques 
with only TE buffer was approximately 15 nanograms (ng).  When using sonication with 
proteinase K and DTT on whole semen, average mass of DNA recovered increased 
significantly to 1,000 ng.  On post-coital swabs, samples that underwent digestion with 
proteinase K and DTT without sonication, yielded DNA masses of approximately 250 ng.  
Post-coital samples that received treatment with proteinase K, DTT, and sonication gave 
DNA yields of 500 ng.  Ultrasound disruption of sperm cells has been developed for 
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forensic evidence, however, it was successful only when used in conjunction with the 
buffer components, such as proteinase K and DTT.37 
Buffer conditions greatly affect cellular recovery from swabs containing vaginal 
epithelial cells and sperm cells.  A study by Norris et al. concluded that samples treated 
with SDS gave higher sperm cell recoveries from cotton swabs than samples without an 
anionic detergent.38  Sperm cell recoveries eluted with 1% or 2% SDS enhanced the 
recovery by two-fold, indicating detergent-mediated elution of cells from sexual assault 
samples is advantageous.  Additionally, incubation temperature and time were studied to 
determine the most effective parameters with proteinase K.  Incubation temperatures 
above 42°C showed significantly lower sperm cell recoveries.  Optimal incubation times 
for sperm cell recovery did not greatly improve between 30-120 minutes of incubation; 
therefore, incubation parameters producing the maximum number of sperm cells were 
with SDS at 42°C for 30 minutes.38  Other groups have expanded on these conclusions 
and summarized similar results in buffer and incubation conditions with use of 1% SDS 
and proteinase K at an incubation temperature of 37°C for 30 minutes.39,40  
1.3.2 Purity of the Female and Male DNA Fractions 
Although these buffer conditions were determined, it was suggested that the 
decrease in sperm cell recovery could have been the result of premature sperm cell lysis 
during the initial incubation step with proteinase K.38,40  However, Hennekens et al. 
discovered that proteinase K concentrations of 20 micrograms per milliliter (µg/mL) 
incubated for up to 24 hours had minimal effects on sperm cell lysis.40  Therefore, 
premature sperm cell lysis is not attributed to the presence or absence of proteinase K.  
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Rather, use of dehydrated samples had a significant impact on premature lysis of the 
sperm cells.40  When sperm cells are prematurely lysing, the sperm cell DNA can be 
found in the NSF and when epithelial cells are not sufficiently lysed during the initial 
incubation, the epithelial cell DNA can be recovered in the SF.  Minimizing the female 
DNA in the SF and the male DNA in the NSF is crucial, especially in cases where the 
number of sperm cells is limited.   
1.3.4 DNA Yield in Commercial Extraction Kits 
 Detection and elution of spermatozoa can be increased by maceration, use of filter 
tubes, centrifugation, and proteinase K methods, as summarized by Allard et al.41  
Increasing the amount of sperm cells recovered from a substrate will inherently increase 
the DNA yield for analysis.  Similarly to mixture profiles, samples with low template 
(LT) DNA are difficult to interpret.  Minimizing the loss of DNA in sexual assault 
evidence is pertinent to obtaining a full STR profile of the perpetrator. 
The Qiagen QIAamp® DNA Investigator Kit (Qiagen, Hilden, Germany) has been 
commonly used for its success in purifying DNA from contaminants and PCR inhibitors.  
A series of purification wash steps with different alcohol buffers and guanidinium 
hydrochloride salts are incorporated to elute contaminants and retain the DNA on the 
solid-phase silica membrane.42,43  Maximizing elution of the DNA from the membrane 
during the final steps of extraction is critical to maximize DNA yields.  Buffer volume, 
pH, incubation temperature, and incubation time all play a role in elution efficiency.44  
Due to the multiple wash steps and elution condition variability, this kit has much 
potential to contribute to DNA loss.  A one-tube extraction technique provided by the 
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forensicGEM Kits (ZyGEM, Hamilton, New Zealand) can circumvent the loss of DNA 
seen with the Qiagen QIAamp® DNA Investigator Kit.45  ZyGEM utilizes a protease, 
EA1, isolated from the Bacillus species.46  This enzyme is activated at 75°C and 
denatured at 90°C.  The narrow thermal activity range allows this enzyme to be used in 
conjunction with other enzymes.45,47  This thermostable protease has shown to be 
compatible with STR PCR kits when extracting epithelial and blood cells for forensic 
casework.45  
1.4 Trypsin-ZyGEM Extraction 
 Since EA1 is unable to lyse sperm cells, the adoption of this kit for sexual assault 
evidence is not applicable.  However, Fisher developed a dual-enzyme approach to 
differential extractions, which exploits the use of EA1, or forensicGEM, to preferentially 
lyse epithelial cells followed by lysis of the sperm cells with trypsin and then treatment 
with forensicGEM a second time before qPCR, PCR, and capillary electrophoresis.  It 
was desired to incorporate forensicGEM at the end of this differential extraction method 
as a cleanup technique to inactivate trypsin and ensure successful downstream PCR and 
STR analysis.12  Figure 2 demonstrates this method for a new preferential lysis 
differential extraction. 
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Figure 2. Schematic of the trypsin-ZyGEM differential extraction process developed by Fisher.12   
The vaginal epithelial cell and sperm cell mixture is combined with forensicGEM and Buffer BLUE and 
then incubated at 75°C to activate EA1 and then incubated at 95°C for 5 minutes to inactivate EA1.  
Epithelial cells will preferentially lyse from the EA1 treatment and sperm cells will remain intact.  After 
centrifugation, the fractions are separated.  To the sperm pellet, trypsin is added to lyse the sperm cells and 
then incubated at 37°C for 60 minutes to activate trypsin followed by incubation at 70°C for 10 minutes to 
inactivate trypsin.  The sperm DNA is then treated with forensicGEM and Buffer BLUE for sample 
cleanup.  The sperm cell DNA is then incubated at 75°C and then 95°C.  Both fractions are ready for 
quantification, amplification, and separation via capillary electrophoresis. 
 
 
Fisher’s research confirmed that very few to no sperm cells lysed when diluted 
semen was treated with EA1.  Low sperm cell DNA quantities were detected from 
exposure to EA1, which was most likely due to male epithelial cells and damaged sperm 
cells.  In order to lyse the sperm cells, Fisher utilized trypsin, a serine protease, which 
resulted in higher yields of DNA in comparison to extractions with the Qiagen Kit.  
Complete STR profiles were also generated using the trypsin-ZyGEM differential 
extraction method, introducing a new, novel dual-enzyme extraction technique for sexual 
assault evidence.12  
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1.5 DNA in the Sperm Cell Nucleus 
Employing trypsin to digest sperm cells emerged while studying the DNA 
packaging of sperm cells.  During the initial phases of spermiogenesis, DNA is packaged 
into nucleosomes in the same manner as DNA in all somatic cells are packaged, with 
histones H2A, H2B, H3, and H4.  As spermiogenesis progresses, the DNA packaging is 
gradually re-arranged and the DNA is repackaged with protamines, P1, P2a, and P2b, 
instead of histones.  The transition from histones to protamines compacts the DNA 
drastically in the sperm cell nucleus.13,48,49  The protamine-DNA structure causes the 
sperm cell to be more resistant to DNA extraction.  The three protamines, P1, P2a, and 
P2b, are comprised of 50, 57, and 54 amino acids, respectively.50,51  A significant portion 
of these amino acids are positively charged arginine and lysine residues with amine 
groups on the side chains.  Another key feature of the protamines is the number of 
cysteine residues present.  These cysteine residues account for the disulfide bonds that are 
present in the sperm cell DNA.12  
 Utilizing the protamine content data provided, trypsin was found to digest peptide 
bonds at arginine and lysine residues.  Using the Expasy Peptide Cutter (Swiss Institute 
of Bioinformatics, Geneva, Switzerland), Fisher simulated the reaction between the 
protamines and different proteases: proteinase K, EA1, and trypsin.52 Proteinase K 
showed 18 cleavage sites and EA1 only simulated 2 cleavage sites.  These findings 
corroborate that these enzymes do not sufficiently release DNA from sperm cells.  
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Contrastingly, the trypsin digestion simulation illustrated 59 cleavage sites, making 
trypsin reliable in sperm cell lysis applications for forensic DNA analysis (Table 2).12,52  
Table 2: Cleavage sites on human protamines with different proteases. 
 
Protease 
Number of 
Cleavage 
Sites 
 Cleavage Sites  
Proteinase K 18         —Alanine     &     —Tyrosine 
EA1 2         —Leucine     &     —Phenylalanine 
Trypsin 59         —Arginine    &     —Lysine 
 
 
1.6 Study Objectives 
 This study sought to expand upon Fisher’s proposed new DNA extraction method, 
trypsin-ZyGEM.12  Validation and optimization of a modified trypsin-ZyGEM extraction 
for semen samples on cotton swabs were studied.  The optimized modified method was 
compared to the standard differential extraction and a modified trypsin-Qiagen extraction 
procedure.  However, a complete trypsin-ZyGEM differential extraction on mixture 
samples must be performed before it can be adopted in sexual assault casework.  This 
project addresses a portion of this optimization process. 
In addition to optimization of the trypsin-ZyGEM extraction method, an approach 
with a proteolytic enzyme mixture solution, Accumax (A*) (Innovative Cell 
Technologies, San Diego, CA), was used in an attempt to elute more epithelial cells from 
the cotton swabs to increase DNA yields.53  DNA yields from samples subjected to 
treatment with this cell detachment solution were compared to DNA quantities samples 
treated with a Chelex® (Bio-Rad Laboratories, Inc., Hercules, CA) extraction.   
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2. MATERIALS AND METHODS 
2.1 Preparation of Cotton Swabs with Semen 
A single source human semen sample purchased from Bioreclamation IVT 
(Hicksville, New York) was portioned into 20 microliter (µL) aliquots to reduce 
freeze/thaw cycles and stored at -20ºC in 1.5 milliliter (mL) microcentrifuge tubes until 
use.  
Four aliquots of semen were combined into one 1.5 mL Eppendorf LoBind 
microcentrifuge tube (Thermo Fisher Scientific, Inc., Waltham, MA).  A 1:25 and 1:50 
seminal fluid dilution were prepared by adding 40 µL of semen and 960 µL of deionized 
water into a new 1.5 mL LoBind microcentrifuge tube and 20 µL of semen and 980 µL of 
deionized water into another new 1.5 mL LoBind microcentrifuge tube, respectively.  
Both semen dilutions were vortexed for 5 seconds.  One hundred and ten, six-inch, 
wooden shaft, sterile, Fisherbrand® cotton swabs (Thermo Fisher Scientific, Inc., 
Waltham, MA), were cut laterally across the tip of the swab on sterile weigh boats with a 
scalpel, ensuring that wooden shaft residues would not adhere to the swab cutting.   On 
70 of the cotton swab cuttings, 5 µL of the 1:25 semen dilution was deposited.  On 30 of 
the cotton swab cuttings, 5 µL of the 1:50 semen dilution was deposited.  The remaining 
10 cotton swab cuttings were used as negative controls and were not treated with semen.  
Each cotton swab sample was air dried at room temperature for approximately 30 
minutes, placed into a 2.0 mL Eppendorf LoBind microcentrifuge tube, and stored at        
-20ºC. 
 
18 
2.2 Preparation of Cotton Swabs with Saliva 
Fresh liquid saliva samples were collected from an anonymous female donor.  A 
200 µL aliquot of liquid saliva was washed in 200 µL of 1X phosphate buffered saline 
(PBS) (Thermo Fisher Scientific Inc., Waltham, MA) and centrifuged for 5 minutes at 
9,000 revolutions per minute (rpm).  The supernatant was removed and the cellular pellet 
was resuspended in 200 µL of 1X PBS buffer.  The resuspended saliva sample was 
vortexed for 5 seconds.   
To determine approximate epithelial cell concentrations in the washed saliva 
samples, 5 µL of the washed saliva sample was added to a Bright-Line hemacytometer 
(Hausser Scientific, Horsham, PA) in duplicate.54  Cells only residing in the central 
square millimeter of the hemacytometer grid were counted.  Epithelial cell counts were 
performed in triplicate under the compound microscope at 400X magnification and 
averaged for an approximate cell count number.  The number of cells per cubic 
millimeter (or microliter) was calculated by multiplying the average cell count by 10.  
Approximately 3,000 epithelial cells (volumes ranging from 8.95-10.9 µL) from the 
washed saliva samples were deposited onto clean cotton swab cuttings, in the same 
manner as the semen samples on cotton swabs.  The cotton swab epithelial cell samples 
were air dried overnight, placed into 2.0 mL LoBind microcentrifuge tubes, and stored at 
-20ºC.   
2.3 Cellular Elution with Accumax 
 Cotton swab samples containing saliva were combined with 150 µL of Tris-
ethylenediaminetetraacetic acid (TE) buffer [10 millimolar (mM) Tris (Trizma® Base, 
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Sigma-Aldrich, St. Louis, MO), pH 8.0, and 0.1 mM EDTA (Sigma-Aldrich, St. Louis, 
MO)] or 150 µL of 1X PBS buffer.  The samples were vortexed for 5 seconds, briefly 
spun down, and incubated at room temperature for 15 minutes.  After the 15-minute 
incubation, 150 µL of Accumax was added to half of the samples containing PBS buffer 
and half of the samples containing TE buffer.  The samples not receiving treatment with 
Accumax were combined with 150 µL of the respective buffer to mimic controls.  All 
samples were incubated for 30 minutes at room temperature.  Every 10 minutes, the 
samples were vortexed gently.  The swab substrates were removed and placed into a spin 
basket.  The spin baskets were placed back into the microcentrifuge tubes and centrifuged 
at 9,000 rpm for 5 minutes.  Each swab was removed from the spin basket and stored at   
-20ºC.  Henceforth, swabs that were extracted and stored at -20ºC are termed “swab 
remains” to distinguish them from swabs that were not extracted.   The swab remains 
were re-extracted a second time. 
 From each sample, 280 µL of supernatant was removed and the cell pellet was 
resuspended by vortexing the remaining 20 µL.  Approximately 5 µL of each sample was 
placed on the Bright-Line hemacytometer in duplicate to determine the number of cells 
per microliter.  Following cellular elution, a Chelex® extraction (Section 2.4.5) was 
performed on the samples with one modification.  These cellular eluents only received 
135 µL of 5% Chelex® 100 resin, as opposed to 150 µL, to reach a total volume of       
150 µL.  After the completion of the Chelex® extraction protocol, the DNA extracts were 
stored at -20ºC until quantification. 
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2.4 DNA Extractions 
2.4.1 Trypsin-ZyGEM Extraction 
 Cotton swab samples containing semen were treated with 150 µL of TE buffer  
(10 mM Tris, pH 8.0, and 0.1 mM EDTA), 150 µL of 1X PBS buffer, or 140 µL of 
Buffer ATL and 10 µL of proteinase K from the Qiagen QIAamp® DNA Investigator Kit 
(Qiagen, Hilden, Germany).  Reagent blank controls were run with all extractions.  The 
tubes were vortexed for 10 seconds and then incubated at 37ºC for 30 minutes.  After 
incubation, the tubes were vortexed for 3 seconds and quickly spun.  The swab was 
placed into a spin basket and the spin basket was placed back into the microcentrifuge 
tube.  The samples were centrifuged for 5 minutes at 14,000 rpm and then each swab 
remain was removed from the spin basket and stored at -20ºC.   
Approximately 130 µL of supernatant was removed and placed into a new 0.2 mL 
PCR tube (non-sperm cell fraction).  The remaining 20 µL in the microcentrifuge tube 
was vortexed briefly to resuspend the sperm cell pellet and quickly spun.  All 20 µL were 
transferred to a new 0.2 mL PCR tube (sperm cell fraction).  To all fractions, 30 µL of    
25 mg/mL Gibco® trypsin (Thermo Fisher Scientific Inc., Waltham, MA) was added and 
mixed for 20 seconds.  In a GeneAmp® PCR System 9700 thermal cycler (Applied 
Biosystems®, Foster City, CA), the samples were incubated at 37ºC for 60 minutes to 
activate trypsin digestion of the sperm cells.  Every 10 minutes during the hour 
incubation, the tubes were vortexed for 10 seconds.  Then the samples were incubated at 
70ºC for 10 minutes in the thermal cycler to denature trypsin and then quickly spun.   
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To each sperm cell fraction sample, 10 µL of 10X ZyGEM Buffer BLUE from the 
forensicGEM Saliva Kit (ZyGEM, Hamilton, New Zealand), 39 µL of deionized water, 
and 1 µL of forensicGEM from the forensicGEM Saliva Kit were added, for a total 
volume of 100 µL.55 All non-sperm cell fractions were split into two equal aliquots of 
approximately 80 µL.  To each non-sperm cell fraction, 10 µL of 10X ZyGEM Buffer 
BLUE, 9 µL of deionized water, and 1 µL of forensicGEM were added, for a total 
volume of 100 µL.   
All tubes were placed in the thermal cycler and incubated at 75ºC for 15 minutes 
and then incubated at 95ºC for 5 minutes to activate the forensicGEM and denature the 
forensicGEM, respectively.  All samples were cooled to 4ºC and then stored at -20ºC 
until quantification. 
2.4.2 Direct Cellular Lysis with Trypsin-ZyGEM Extraction 
Cotton swabs containing semen were combined with 110 µL of TE buffer         
(10 mM Tris, pH 8.0, and 0.1 mM EDTA), 110 µL of 1X PBS buffer, or 102 µL of 
Buffer ATL and 8 µL of proteinase K from the Qiagen QIAamp® DNA Investigator Kit 
in a 2.0 mL LoBind microcentrifuge tube.  Forty microliters of 25 mg/mL trypsin was 
added to each sample to total a volume of 150 µL and pulse vortexed for 20 seconds.  
Each sample was quickly spun down and incubated at 37ºC for 60 minutes to activate 
trypsin.  Every 10 minutes, all samples were vortexed for 10 seconds.  After the 60-
minute incubation, the samples were spun down and the cotton swab substrates were 
transferred to a spin basket.  The spin basket was placed back into the tubes and 
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centrifuged at 14,000 rpm for 5 minutes.  Each swab remain was removed from the spin 
basket and stored at -20ºC. 
The samples were vortexed for 20 seconds and quickly spun down to resuspend 
the contents in the tubes and obtain a homogenous solution.  The samples were aliquotted 
into three equal fractions (approximately 50 µL in volume) in 0.2 mL PCR tubes.  The 
samples were incubated in a thermal cycler at 70ºC for 10 minutes to inactivate trypsin.  
Following the incubation, 10 µL of 10X ZyGEM Buffer BLUE, 39 µL of deionized 
water, and 1 µL of forensicGEM was added to each 0.2 mL PCR tube.  The samples were 
placed back into the thermal cycler, incubated at 75ºC for 15 minutes and then at 95ºC for 
5 minutes to activate the forensicGEM and denature forensicGEM, respectively.  The 
samples that were aliquotted into three equal portions were then recombined.  All DNA 
extracts were cooled to 4ºC and stored at -20ºC until quantification. 
2.4.3 Direct Cellular Lysis with Trypsin-Qiagen Extraction 
 Semen samples on cotton swabs were obtained and 110 µL of TE buffer (10 mM 
Tris, pH 8.0, and 0.1 mM EDTA) and 40 µL of 25 mg/mL trypsin were added to each 
swab sample.  The tubes were vortexed for 10 seconds and quickly spun down.  The 
samples were incubated at 37ºC for 60 minutes to activate trypsin.  The tubes were 
vortexed every 10 minutes for 10 seconds during the incubation.  After the 60-minute 
incubation, the samples were incubated at 70ºC for 10 minutes to inactivate trypsin.  The 
cotton swab substrate from each sample was transferred to a spin basket and placed back 
into the tube.  Each sample was centrifuged at 14,000 rpm for 5 minutes.  Each swab 
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remain was removed from the spin basket and stored at -20ºC.  The contents in the tubes 
were resuspended by vortexing for 15 seconds and then briefly spun down.   
Buffer ATL, Buffer AL, AW1 Buffer, AW2 Buffer, Buffer ATE, and QIAamp® 
MinElute columns were obtained from the Qiagen QIAamp® DNA Investigator Kit 
(Qiagen, Hilden, Germany).  To each tube, 280 µL of Buffer ATL was added and the 
vortexed for 10 seconds.  The samples were incubated for 60 minutes at 56ºC; every 10 
minutes, the samples were vortexed for 10 seconds.   
Following the incubation in Buffer ATL, the tubes were quickly spun down and 
treated with 300 µL of Buffer AL.  Each sample was vortexed for 15 seconds and then 
incubated at 70ºC for 10 minutes.  Subsequently, the samples were centrifuged at 14,000 
rpm for 1 minute and treated with 150 µL of 200 proof ethanol.  After the samples were 
vortexed and spun down with the addition of the 200 proof ethanol, the entire lysate was 
transferred to a QIAamp® MinElute column without wetting the rim.  The columns were 
centrifuged at 8,000 rpm for 1 minute.  The flow-through was discarded and a new 2 mL 
collection tube was placed onto the QIAamp® MinElute column.  To each column,      
500 µL of AW1 Buffer was added and then the columns were centrifuged at 8,000 rpm 
for 1 minute.  The flow-through was discarded and a new 2 mL collection tube was 
placed onto the QIAamp® MinElute column.  To each column, 500 µL of AW2 Buffer 
was added and then the columns were centrifuged at 8,000 rpm for 1 minute.  The flow-
through was discarded and a new 2 mL collection tube was placed onto the QIAamp® 
MinElute column.  To each column, 700 µL of 200 proof ethanol was added and then the 
columns were centrifuged at 8,000 rpm for 1 minute.  The flow-through was discarded 
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and a new 2 mL collection tube was placed onto the QIAamp® MinElute column.  The 
columns were then dried by centrifugation at 14,000 rpm for 3 minutes.  The flow-
through was discarded and a new 1.5 mL LoBind microcentrifuge tube was placed onto 
the QIAamp® MinElute column.  To the center of the membrane in each column, 25 µL 
of Buffer ATE was applied.  The columns were incubated at room temperature for 2 
minutes and then centrifuged at 14,000 rpm for 1 minute to elute the DNA.  The DNA 
extracts were stored at -20ºC until quantification. 
2.4.4 Qiagen Extraction 
 Cotton swab samples containing semen were obtained and combined with 500 µL 
of Buffer ATL and 20 µL of proteinase K in a 2.0 mL LoBind microcentrifuge tube.  The 
samples were pulse vortexed for 10 seconds and incubated at 37ºC for 60 minutes.  Every 
10 minutes during the incubation, the tubes were vortexed for 10 seconds.  After 
incubation at 37ºC, the samples were quickly spun down.  The cotton swabs substrates 
were transferred to a spin basket and the spin basket was placed back into the 2.0 mL 
microcentrifuge tube.  The samples were centrifuged at 14,000 rpm for 5 minutes.  Each 
swab remain was removed from the spin basket and stored at -20ºC.   
All but 50 µL of supernatant was removed and placed into a new tube.  The sperm 
cell pellet was resuspended in the 260 µL of Buffer ATL, 10 µL of proteinase K, and    
10 µL of 1 molar (M) DTT (Sigma-Aldrich, St. Louis, MO).  All samples (non-sperm cell 
fractions and sperm cell fractions) were pulsed vortexed for 10 seconds and then quickly 
spun down.  All samples were incubated at 56ºC for 60 minutes.  Every 10 minutes 
during the incubation, the tubes were vortexed for 10 seconds and spun down.  To each 
25 
tube, 300 µL of Buffer AL was added and then pulse vortexed for 15 seconds.  The 
samples were incubated at 70ºC for 10 minutes and then centrifuged at 14,000 rpm for 1 
minute.  Each sample was then treated with 150 µL of 200 proof ethanol, pulse vortexed 
for 15 seconds, and the quickly spun.  The entire lysate was transferred to a QIAamp® 
MinElute column without wetting the rim.  The following wash steps with AW1 Buffer, 
AW2 Buffer, and 200 proof ethanol were the same as those stated in Section 2.4.3. The 
columns were then dried by centrifugation at 14,000 rpm for 3 minutes.  The flow-
through was discarded and a new 1.5 mL LoBind microcentrifuge tube was placed onto 
the QIAamp® MinElute column.  To the center of the membrane in each column, 25 µL 
of Buffer ATE was applied.  The columns were incubated at room temperature for 2 
minutes and then centrifuged at 14,000 rpm for 1 minute to elute the DNA.  The DNA 
extracts were stored at -20ºC until quantification. 
2.4.5 Direct Cellular Lysis with the Qiagen Extraction 
 Cotton swabs with semen were combined with 280 µL of Buffer ATL, 10 µL of 
proteinase K, and 10 µL of 1 M DTT in a 2.0 mL LoBind microcentrifuge tube.  The 
samples were pulse vortexed for 10 seconds and incubated at 56ºC for 60 minutes.  Every 
10 minutes during the incubation, the tubes were vortexed for 10 seconds.  After 
incubation at 56ºC, the samples were briefly spun down.  The cotton swabs substrates 
were transferred to a spin basket and the spin basket was placed back into the 2.0 mL 
microcentrifuge tube.  The samples were centrifuged at 14,000 rpm for 5 minutes to dry 
the swabs.  Each swab remain was removed from the spin basket and stored at -20ºC.   
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The remaining contents in the tubes (300 µL) were vortxed for 15 seconds and 
then briefly spinning down the tubes.  To each tube, 300 µL of Buffer AL was added and 
then pulse vortexed for 15 seconds.  The samples were incubated at 70ºC for 10 minutes 
and then centrifuged at 14,000 rpm for 1 minute.  Each sample was then treated with   
150 µL of 200 proof ethanol, pulse vortexed for 15 seconds, and quickly spun.  The entire 
lysate was transferred to a QIAamp® MinElute column without wetting the rim.  The 
following wash steps with AW1 Buffer, AW2 Buffer, and 200 proof ethanol were the 
same as those stated in Section 2.4.3.   The columns were then dried by centrifugation at 
14,000 rpm for 3 minutes.  The flow-through was discarded and a new 1.5 mL LoBind 
microcentrifuge tube was placed onto the QIAamp® MinElute column.  To the center of 
the membrane in each column, 25 µL of Buffer ATE was applied.  The columns were 
incubated at room temperature for 2 minutes and then centrifuged at 14,000 rpm for 1 
minute to elute the DNA.  The DNA extracts were stored at -20ºC until quantification. 
2.4.6 Chelex® Extraction 
 Cotton swab samples containing saliva were obtained and combined with 150 µL 
of 5% Chelex® 100 resin (Bio-Rad Laboratories, Inc., Hercules, CA).  The samples were 
then incubated at 56ºC for 30 minutes.  Each sample was vortexed for 5 seconds and then 
incubated in a boiling water bath for 8 minutes.  The tubes were vortexed for 5 seconds to 
mix the contents in the tubes and then centrifuged at 14,000 rpm for 3 minutes.  Without 
disturbing the pellet containing the swab and Chelex® beads, the supernatant was 
transferred to a new 1.5 mL LoBind microcentrifuge tube.  The DNA extracts were stored 
at -20ºC until quantification. 
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2.5 Quantification 
All DNA sample extracts were quantified using the Quantifiler® Duo DNA 
Quantification Kit (Applied Biosystems®, Foster City, CA).  The Quantifiler® reactions 
were prepared by following the manufacturer’s instructions in the Quantifiler® Duo DNA 
Quantification Kit User Manual.56  The samples were quantified using a 7500 Real Time 
PCR System (Applied Biosystems®, Foster City, CA).   
2.6 Amplification 
 All samples were amplified using the AmpFlSTR® Identifiler® Plus PCR 
Amplification Kit (Applied Biosystems®, Foster City, CA).  The Identifiler® Plus 
reactions were prepared by following the manufacturer’s instructions in AmpFlSTR® 
Identifiler® Plus PCR Amplification Kit User Manual.57  Desired target masses of 1 ng, 
0.5 ng, 0.25 ng, 0.125 ng, and 0.0625 ng were prepared using TE buffer (10 mM Tris, pH 
8.0, and 0.1 mM EDTA).  The samples were amplified on a GeneAmp® PCR System 
9700 with a silver sample block (Applied Biosystems®, Foster City, CA) using the 
recommended Identifiler® Plus protocol (28 cycles) displayed in Figure 3.   
 
 
95°C for 11 minutes 
 
 
94°C for 20 seconds 
59°C for 3 minutes 
Repeat for 28 cycles 
 
 
60°C for 10 minutes 
 
 
4°C hold 
 
 
Figure 3.  AmpFlSTR® Identifiler® Plus PCR amplification protocol. Parameters are those 
recommended by the manufacturer for 28 cycles.  
 
28 
 
2.7 Capillary Electrophoresis and DNA Profile Analysis 
 All amplified samples were injected for 5 seconds at 3 kilovolts (kV) and samples 
targeted at 0.125 ng or less were also injected for 10 seconds at 3 kV on a 3130 Genetic 
Analyzer (Applied Biosystems®, Foster City, CA) using POP-4 and following the 
manufacturer’s protocol.57  Allelic ladders were incorporated in the sample plate in every 
other column.   
Resulting electropherograms were analyzed with GeneMapper® ID-X v1.1.1 
software (Applied Biosystems®, Foster City, CA).  The sample profiles were analyzed 
with an analytical threshold of 30 relative fluorescence units (RFU) and artifacts were 
manually removed from the profiles.  Statistical software JMP Pro v. 11.2 (SAS Institute, 
Cary, NC) was utilized to generate plots for analysis. 
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3. RESULTS AND DISCUSSION 
3.1 Trypsin-ZyGEM Extraction Using Dried Sperm on Swabs 
  As demonstrated in studies by other groups, buffer components and 
concentrations are critical factors in successful differential extractions.38–40  Volume of 
buffer and buffer-type were two factors that were initially explored in this study.  The 
cotton swab cuttings were placed into microcentrifuge tubes to determine the appropriate 
volume of buffer in which to immerse the swab cutting.  To minimize volume and obtain 
optimal DNA concentrations, 150 µL of buffer was deemed appropriate.  Three buffers 
were used at this volume for the trypsin-ZyGEM extraction: TE buffer, 1X PBS, and 
Buffer ATL from the Qiagen QIAamp® DNA Investigator Kit.  Although other studies 
found it necessary to incorporate SDS in buffers containing sperm samples,38,39 the 
addition of a detergent was not used for this optimization method.  Detergents have 
shown inhibitory effects on Taq polymerase, which is incorporated in PCR kits.58  Since 
the trypsin-ZyGEM method does not have a nucleic acid purification step, as in the 
standard Qiagen differential extraction, SDS was not added to the three trial buffers.  
However, data from the Qiagen Material Safety Data Sheet states that SDS is present in 
Buffer ATL in concentrations ranging from 1-10%.59  Although SDS was not added to 
these experimental methods, future studies can involve the use and effects of SDS on the 
trypsin-ZyGEM extraction method. 
 Microscopic research by Fisher demonstrated that 15 µL of 25 mg/mL trypsin in   
5 µL of 1:64 semen sample dilutions was appropriate to successfully lyse sperm cells, 
assuming the semen had approximately 10 µg protein/µL.12  Utilizing that data, trypsin 
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DNA extractions in this study focused on similar ratios of trypsin and sperm cells.  For 
the 1:25 semen dilution samples on cotton swabs, the volume of 25 mg/mL trypsin was 
doubled to 30 µL.  Assuming that the cotton swab semen sample dilutions had 
approximately twice as many sperm cells than the samples in Fisher’s research, doubling 
the amount of trypsin should have sufficiently lysed the sperm cells.  To keep the current 
protocol consistent with Fisher’s, the 1:50 semen dilution samples also received treatment 
of 30 µL of 25 mg/mL trypsin. 
Following sperm cell digestion with trypsin, the samples underwent an additional 
step with forensicGEM so further PCR analysis was not compromised (Figure 2).  
Fisher’s protocol using forensicGEM, Buffer BLUE, and deionized water for the trypsin-
ZyGEM extraction on semen samples was adopted so that inhibition was not seen with 
the internal polymerase chain reaction control (IPC) incorporated in the quantification 
kits.12  
3.1.1 Yield Comparison: Different Buffers used with the Trypsin-ZyGEM Method 
 Three different buffers were compared for cellular elution with the trypsin-
ZyGEM method: TE buffer, PBS buffer, and Buffer ATL from the Qiagen QIAamp® 
DNA Investigator Kit .  Figure 4 shows the procedural layout of this experiment.  
Initially the cells were eluted from the cotton swabs with buffer and then the cells in 
solution were extracted using the two-phase trypsin-ZyGEM extraction.  
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Figure 4: Procedural schematic of the trypsin-ZyGEM extraction using different buffers.  Trypsin, 
ZyGEM Buffer BLUE, water, and forensicGEM were all added to the sperm cell fractions.   
 
 
 The quantification data from the trypsin-ZyGEM extraction following use of three 
different buffers showed significantly different results in sperm cell recovery from the 
cotton swabs with a 1:25 semen dilution deposition.  Figure 5 summarizes the average 
DNA recovered using TE buffer and PBS buffer.  According to the data, TE buffer was 
significantly favored over PBS and Buffer ATL.  In the 100 µL DNA extracts, extraction 
with TE buffer presented an average of 2.13 ng ± 0.56 of DNA, while PBS buffer yielded 
0.15 ng ± 0.11.  Buffer ATL yielded inconclusive results due to inhibition issues during 
the qPCR and lack of amplification of the IPC.  The failed quantified data could also be 
attributed to addition of proteinase K in the extraction or the presence of SDS in the 
buffer inhibiting Taq polymerase activity.  The sperm pellet was not purified from 
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proteinase K before the addition of trypsin.  Therefore, competition between these two 
proteases during the 37°C incubation could have resulted in proteinase K hydrolyzing 
trypsin, and therefore, keeping sperm cells intact.  Typically, when Buffer ATL and 
proteinase K are used in an extraction, they are purified from the DNA with the 
QIAamp® MinElute column.  Since the column was not used in this protocol, it is 
possible that these components inhibited qPCR. 
 
 
Figure 5.  Buffer optimization of the trypsin-ZyGEM DNA extraction method.  TE buffer yielded an 
average DNA mass recovery much larger than PBS buffer in the sperm cell fraction. All methods were 
performed in triplicate or quadruplicate.  All error bars represent one standard deviation from the mean. 
 
 
3.1.2 Yield Comparison: Trypsin-ZyGEM and Qiagen Differential Extraction 
Since the trypsin-ZyGEM method using TE buffer yielded approximately 14 
times more DNA than that with PBS buffer, the protocol was then compared with the 
standard differential extraction using proteinase K and DTT followed by purification 
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from using a Qiagen column.  Figure 6 shows the trypsin-ZyGEM and Qiagen extraction 
methods used. 
 
Figure 6: Procedural schematics of the trypsin-ZyGEM extraction and Qiagen extraction.  (a) 
Trypsin-ZyGEM extraction method using TE buffer. (b) Qiagen extraction method over a QIAamp® 
MinElute column. 
 
 
Figure 7 demonstrates that the elution with Buffer ATL and proteinase K 
followed by proteinase K and DTT extraction recovered more DNA than elution with TE 
buffer and DNA extraction with trypsin.  The results support that the elution of sperm 
cells from cotton swabs with the standard Qiagen extraction is superior to the trypsin-
ZyGEM method with an average DNA mass recovery of 2.49 ng ± 0.46 in a 1:25 semen 
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dilution and 1.67 ng ± 0.73 in a 1:50 semen dilution.  The trypsin-ZyGEM extracts 
produced 2.13 ng ± 0.56 for the 1:25 dilution and a very low yield of 0.38 ng ± 0.36 for 
the 1:50 dilution.    Experiments performed by Fisher on liquid semen samples found that 
the trypsin-ZyGEM method had the advantage over the Qiagen extraction, mainly 
attributed to the single-tube extraction and lack of transfers.12 Although the Qiagen 
extraction produced larger averages of DNA mass, there was overlap of recovered DNA 
mass between these two extraction methods. 
 
 
Figure 7. Average DNA yield of the elution with TE buffer followed by the trypsin-ZyGEM 
extraction as compared to the elution with proteinase K and Buffer ATL followed by the Qiagen 
extraction.  Utilizing proteinase K and DTT showed larger DNA yields than those seen with the trypsin-
ZyGEM (T_Z) method using TE buffer.  Qiagen extracted samples were performed in triplicate and 
trypsin-ZyGEM extracted samples were performed in quadruplicate.  All error bars represent one standard 
deviation from the mean. 
 
 In addition to larger average DNA mass recovered, the Qiagen differential 
extraction also exhibited increased DNA concentrations in 25 µL (Table 3).  Since the 
extracts are purified over a silica membrane, volume for the elution of DNA from the 
membrane can vary.  A volume of 25 µL of Buffer ATE was used to ensure high DNA 
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concentration values for qPCR since the multiple wash steps in the protocol can 
contribute to loss of DNA.  Although trypsin-ZyGEM extract concentrations appear low 
in Table 3, there are methods of condensing DNA into smaller volumes, thus increasing 
the concentrations considerably. 
 
Table 3. DNA concentrations using the Qiagen differential extraction and the trypsin-ZyGEM 
extraction.  The trypsin-ZyGEM (T_Z) using TE buffer method yielded much lower DNA concentrations 
relative to the Qiagen extraction in the SF, mainly due to the high extract volume of 100 µL. 
 
Extraction 
Method 
1:25 Semen Dilution 1:50 Semen Dilution 
DNA 
Concentration 
(ng/uL) 
Extract 
Volume 
(uL) 
DNA 
Mass (ng) 
DNA 
Concentration 
(ng/uL) 
Extract 
Volume 
(uL) 
DNA Mass 
(ng) 
Qiagen 0.11 25 2.88 0.09 25 2.19 
Qiagen 0.08 25 1.98 0.08 25 1.98 
Qiagen 0.10 25 2.60 0.03 25 0.84 
T_Z 0.03 100 2.49 0.01 100 0.87 
T_Z 0.03 100 2.72 0.004 100 0.35 
T_Z 0.02 100 1.66 0.003 100 0.28 
T_Z 0.02 100 1.645 0.00 100 0.00 
 
 
3.1.3 Purity of the DNA Fractions 
 Minimization of carryover DNA into the NSF is always a consideration when 
performing a differential extraction.  The NSF of each sample was extracted to determine 
the amount of sperm cell DNA that was lost in the supernatant (NSF).  Figure 6 displays 
the procedural layout of the experiment.  The trypsin-ZyGEM and Qiagen extraction 
procedures for the NSF samples were performed in a similar manner as procedures for 
the SF, with the exception that the NSF samples for the Qiagen extracted samples did not 
receive treatment with DTT or a second treatment with Buffer ATL and proteinase K.  
Figure 8 demonstrates the results of sperm cell DNA in the NSF for both extractions, 
however, the DNA concentrations from the Qiagen extraction of the NSF supernatant 
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may be low since proteinase K and DTT were not present.  Since elution of semen was 
problematic, direct lysis of sperm cells on swabs was investigated. 
 
 
Figure 8. Average sperm cell DNA yield in the non-sperm cell fraction using the Qiagen differential 
extraction and trypsin-ZyGEM extraction.  The trypsin-ZyGEM (T_Z) method using TE buffer showed 
larger carryover of sperm cell DNA in the non-sperm cell fraction.  Qiagen extracted samples were 
performed in triplicate and trypsin-ZyGEM extracted samples were performed in quadruplicate.  All error 
bars represent one standard deviation from the mean. 
 
 
 
3.1.4 Direct Cellular Lysis with Trypsin-ZyGEM Extraction 
Similar to direct extraction of epithelial cells on a substrate with proteinase K, this 
study extracted sperm cells directly from the cotton swabs with trypsin.  Figure 9 displays 
the procedural layout of this experiment.  
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Figure 9. Procedural schematics of the trypsin-ZyGEM extraction, Qiagen extraction, and direct 
lysis with trypsin-ZyGEM extraction.  (a) Trypsin-ZyGEM extraction method using TE buffer. (b) 
Qiagen extraction method over a QIAamp® MinElute column. (c) Direct cellular lysis with trypsin on the 
cotton swabs. 
 
Samples subjected to direct cellular lysis with trypsin yielded significantly larger 
quantities of DNA relative to the Qiagen and two-phase trypsin-ZyGEM extraction 
(cellular elution followed by spermatozoa digestion), as displayed in Figure 10.  These 
quantities were more than 10 times that of the Qiagen differential extraction and two-
phase trypsin-ZyGEM extraction (Table 4).  Obtaining DNA quantities such as these 
could improve DNA typing for sexual assault samples.  However, management of the 
epithelial cell containing NSF was not explored in this study. 
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Figure 10. Average DNA yield of the Qiagen differential extraction, cellular elution then trypsin-
ZyGEM extraction, and direct cellular lysis with trypsin-ZyGEM extraction methods.  The direct 
cellular lysis method with trypsin gave significantly higher DNA recoveries than those seen with the 
Qiagen and trypsin-ZyGEM (T_Z) methods.  Samples directly lysed with trypsin-ZyGEM were performed 
in duplicate, Qiagen extracted samples were performed in triplicate, and trypsin-ZyGEM extracted samples 
were performed in quadruplicate.  All error bars represent one standard deviation from the mean. 
 
 
 
Table 4. Average DNA yield of the different extraction techniques on samples with varying amounts 
of semen on cotton swabs.   The direct sperm cell lysis method with trypsin-ZyGEM (T_Z) protocol 
yielded much larger DNA recoveries in the SF than the two-phase trypsin-ZyGEM method and the Qiagen 
different extraction. 
 
Extraction Method 
1:25 Semen Dilution 1:50 Semen Dilution 
Average DNA 
Mass (ng) 
Standard 
Deviation 
Average DNA 
Mass (ng) 
Standard 
Deviation 
Qiagen 2.49 0.46 1.67 0.73 
T_Z 2.13 0.55 0.38 0.32 
Direct Lysis with T_Z 24.39 4.82 12.61 3.19 
 
   
Using the direct cellular lysis with the trypsin-ZyGEM protocol, DNA extracts 
were originally in three 100 µL portions of buffer and were then combined to result in a 
total volume of approximately 300 µL.  The protocol took place in the thermal cycler and 
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since PCR tubes hold a maximum of 200 µL, the extracts needed to be initially aliquotted 
into these three portions.  The data for the direct extraction with trypsin in Figure 10 and 
Table 4 represent DNA yields after the samples were combined to total 300 µL of extract.  
Figure 11 shows the DNA quantities in the three separate 100 µL portions.  As illustrated, 
each extract portion carried approximately 8 ng of DNA, which is greater than 3 times the 
quantities of the Qiagen and two-phase trypsin-ZyGEM extraction methods.  Direct lysis 
with the trypsin proved to be most effective in sperm cell DNA recovery.  These results 
also indicate that a significant percentage of cells were not eluting off of the cotton swab 
during the initial incubation in the Qiagen buffers and the two-phase trypsin-ZyGEM 
extraction techniques. 
 
 
 
Figure 11. Average DNA yield of the three 100 µL portions using the direct cellular lysis with 
trypsin-ZyGEM extraction method.  Approximately 8 ng of DNA were in each of the three portions per 
semen sample on cotton swabs, averaging approximately 24 ng of DNA in total.   
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3.2 Cotton Swab Remains 
Testing has shown that significant quantities of cells, thus DNA, are retained on 
the substrate of which biological evidence is collected following elution/extraction.  
Although Adamowicz et al. studied recoverability of DNA from blood and saliva samples 
on cotton swabs, similar concepts can be applied with spermatozoa on cotton swabs.60  
Results from that study found that over 50% of the DNA was retained on the cotton swab 
for both the blood and saliva samples using the Qiagen QIAamp® DNA Investigator Kit.  
When the swab was resuspended in the extraction buffer during incubation, an average 
two-fold increase in DNA was observed.60  Case study research from the Alaska 
Scientific Crime Detection Laboratory by Collins and Duda revealed that a greater 
number of spermatozoa remained on the substrate than what was removed during the 
extraction process of evidentiary items.61  Even after the epithelial cell digest, a 
significant quantity of male DNA remained on the substrates, which included 
gynecological swabs, external genitalia, underwear, non-intimates, and condom swabs.  
When the substrates were re-extracted in a new tube and in cases where substrates were 
re-extracted in the original sperm fractions, DNA yields of the male perpetrator at least 
doubled.61  
3.2.1 Percent Recoveries 
 Swabs which had previously been eluted with TE buffer and PBS buffer were re-
extracted using emersions of the swab in 110 µL of buffer and 40 µL of trypsin digest 
solutions.  The results in Figure 12 and Table 5 show that the initial incubation with 
buffer was ineffective in the elution of the spermatozoa on the swabs.  The semen 
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samples on cotton swabs in this study were found to retain more than 90% of the DNA 
than what was recovered in the initial extraction.  The average mass of DNA using the 
direct cellular lysis with trypsin was 19.20 ng ± 2.52 for swabs extracted in TE buffer and 
13.68 ng ± 1.38 for swabs extracted in PBS buffer.  Recoverability of DNA on the swab 
remains was 9 times more effective for swabs exposed to TE buffer and 90 times more 
effective for swabs exposed to PBS buffer.  These results suggest that it may be of value 
to re-extract vaginal swab cuttings when the initial extraction presents data indicating LT 
DNA samples.  Buffer ATL was also used in this experiment, however, all qPCR results 
indicated presence of inhibitors in those samples. 
 
 
 
Figure 12. Comparison of DNA mass recovered using cell elution and direct lysis of swab remains.  
The initial extraction was performed with trypsin-ZyGEM method.  The swab remains were re-extracted 
using the direct lysis with trypsin-ZyGEM method.  All samples were performed in quadruplicate.  All 
error bars represent one standard deviation from the mean. 
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Table 5. DNA recovery yields when swabs were re-extracted directly with trypsin.  Swabs were 
initially extracted with the trypsin-ZyGEM extraction method.  Swab remains were re-extracted directly 
with trypsin in TE or PBS buffer. 
 
Extraction 
Method 
Initial Extraction of Swab Swab Remain Extraction Increase over 
the Initial 
Extraction 
Average DNA 
Mass (ng) 
Standard 
Deviation 
Average DNA 
Mass (ng) 
Standard 
Deviation 
TE 2.13 0.56 19.20 2.52 9.01 
PBS 0.15 0.11 13.68 1.38 89.83 
 
 
 
3.2.2 Cotton Swab Properties 
The cotton swabs were cut prior to semen deposition to ensure the entire semen 
sample was submerged in solution and to avoid issues of inhibition from the wooden 
shaft and sampling unequal portions of the swab.  Thus, the extent of cellular elution 
from the swabs can be attributed to the swab-type and the buffer solution used.  It is 
noted that DNA recovery yields may differ with other types of swabs using any 
extraction technique presented.  Percentages of cellular material retained in the swabs 
may also differ between swab types.  Cotton swabs tend to be absorbent and entrap intact 
cells within the fiber matrix.  Nylon flocked swabs eluted more cells in most DNA 
fractions improving DNA yield of the male donor in a study by Benschop et al., most 
likely due to the more open fiber structure.2,62  Santiago et al. also alluded to nylon 
flocked swabs more effectively eluting cells than cotton swabs.63  The cotton fibers are 
tightly wrapped around the wooden stick shaft producing a dense core structure, making 
cells more susceptible to being trapped inside.63  
3.3 Cellular Elution from Cotton Swabs with Accumax 
 In an attempt to combat the issue of cellular elution, Accumax, an enzymatic 
mixture for cellular detachment during cell culturing, was investigated.  Accumax is used 
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in research using cultured cells and has not been investigated for forensic use.  This 
dissociative solution is composed of a mixture of enzymes, including trypsin.  The 
mixture is purported to be less toxic and gentler to the cells in the culture than trypsin and 
collagenase, and has shown to increase cell counting accuracy.53  Wachs et al. also found 
increased neural stem cell number and survival when using Accutase (Innovative Cell 
Technologies, San Diego, CA), a less concentrated form of Accumax, on culture 
plates.53,64    
Experiments were designed to test whether Accumax would detach epithelial cells 
from the cotton swabs.  Figure 13 shows the procedural layout of this experiment.  DNA 
quantification data were compared between all methods.  The general dissociation 
protocol with Accumax was modified to be applicable to swab substrates.65  These 
conditioned samples were compared with samples that were only extracted in Chelex® 
beads.  During cellular elution with the buffers and Accumax, the modified protocol 
required the swab substrates to be removed from solution by centrifugation.  This 
centrifugation step also pelleted the eluted cells to the bottom of the microcentrifuge tube.  
The “cell-free” supernatant was removed from the pelleted cells.  Subsequently, the 
epithelial cell pellet samples were extracted with the Chelex® extraction method.  The 
supernatant of each sample was also extracted to determine if cells were lysing in the 
presence of Accumax.   
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Figure 13. Procedural schematics using Accumax.  Accumax protocol using (a) TE buffer and (b) PBS 
buffer.  
 
Figure 14 illustrates the amount of DNA recovered from samples treated with a 
combination of TE buffer, PBS buffer, and Accumax.  Interpretation of the results below 
shows that Accumax did not successfully elute more cells from the cotton swabs since 
DNA recovery of samples subjected to only TE buffer and PBS buffer had higher average 
DNA yields.  It was expected that the swabs going directly into the Chelex® extraction 
would yield the highest DNA recovery (63.45 ng ± 11.90) because it is a one-tube 
extraction, so loss of DNA is very minimal.  Use of solely TE buffer or PBS buffer was 
more effective in cellular elution and DNA recovery with average DNA mass values of 
53.64 ng ± 4.06 and 55.42 ng ± 2.62 in the cellular pellet fractions, respectively, than 
samples with the addition of Accumax, yielding 30.73 ng ± 6.74 and 29.39 ng  ± 8.10, 
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respectively.  Low amounts of DNA from the supernatant were quantified in the TE 
buffer elution, 8.55 ng ± 2.75, and PBS buffer elution, 0.23 ng ± 0.06.  DNA was not 
recovered in the supernatant of samples treated with Accumax, however, qPCR results 
indicated inhibition since the IPC values were high and outside of the accepted range 
values.  No conclusions can be made regarding Accumax lysing epithelial cells due to 
these inhibitory affects.  Experiments with Accumax on semen samples were also 
performed, however, the semen samples were not extracted with DTT.  Therefore, due to 
experimental error these results are not included. 
 
 
 
Figure 14. Average DNA yield when epithelial cells on cotton swabs are subjected to different elution 
components.  Accumax is represented with A*. 
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3.4 Dilution Series Comparison of Extraction Methods 
  Earlier experiments in Section 3.1.4 determined that extraction of sperm cells on 
cotton swabs was most effective using direct lysis of the entire swab.  This method was 
compared to a direct cellular lysis Qiagen extraction, which utilizes proteinase K and 
DTT.  An advantage of the Qiagen technique is purity of the extracted nucleic acids.  
Qiagen was also used with samples directly lysed with trypsin, designated as the trypsin-
Qiagen extraction.  Cotton swab cuttings were prepared with 1:10, 1:20, 1:40, 1:80 and 
1:160 semen dilutions to mimic evidentiary items and to study sensitivity.  These three 
direct lysis extraction techniques were performed in quadruplicate on these semen swab 
dilutions: direct lysis with trypsin-ZyGEM, direct lysis with Qiagen, and direct lysis with 
trypsin-Qiagen.  Figure 15 shows the procedural layout of these three extraction methods.  
Quantification (results discussed in Section 3.4.1), amplification at different targets 
(Table 6), and capillary electrophoresis with injection times of 5 seconds and 10 seconds 
followed each extraction method investigated. 
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Figure 15. Procedural schematics of the direct lysis with trypsin-ZyGEM extraction, direct lysis with 
the Qiagen extraction, and direct lysis with trypsin-Qiagen extraction.  (a) Direct cellular lysis with 
trypsin using TE buffer. (b) Direct cellular lysis with Qiagen method using proteinase K and DTT.  (c) 
Direct cellular lysis with trypsin-Qiagen using TE buffer. 
 
 
Table 6. Sample target masses for amplification.  All samples were amplified using the AmpFlSTR® 
Identifiler® Plus PCR Amplification Kit for 28 cycles. 
 
Semen Swab 
Sample Dilution 
Target Mass for 
Amplification (ng) 
1:10 1 
1:20 0.5 
1:40 0.25 
1:80 0.125 
1:160 0.0625 
 
 
3.4.1 DNA Yields 
The direct lysis with trypsin-ZyGEM extraction yielded quantification results 
nearly two-fold larger at all dilutions, indicating that the Qiagen column was responsible 
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for some loss of DNA (Figure 16).  Average DNA mass for the trypsin-ZyGEM method 
ranged from 45.81 ng ± 14.57 to 2.5 ng ± 1.01 between the 1:10 and 1:160 dilutions.  The 
Qiagen extraction had an average DNA yields from 17.80 ng ± 5.40 to 0.91 ng ± 0.21 
between semen dilutions of 1:10 to 1:160.  Obtaining approximately equal DNA yields to 
the Qiagen extractions, the trypsin-Qiagen extraction method gave DNA yields ranging 
from 18.78 ng ± 5.85 to 0.90 ng ± 0.30 for the 1:10 to 1:160 dilutions. 
 
 
 
Figure 16: Average mass of DNA recovered in the dilution series using three extraction techniques.  
The trypsin-ZyGEM (T_Z) method consistently yielded approximately twice the amount of DNA than that 
of the Qiagen (PKDTT_Q) and trypsin-Qiagen (T_Q) protocols at each semen dilution.  Each dilution for 
all extraction methods was performed in quadruplicate.  All error bars represent one standard deviation 
from the mean. 
 
 
From the data presented in Figure 16, it can be concluded that the purification 
step with the Qiagen column resulted in loss of approximately half of the available DNA.  
Since the trypsin-Qiagen method utilized direct lysis with trypsin on the sperm cells, it 
can be assumed that approximately equal amounts of sperm cells were digested and equal 
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concentrations of DNA were obtained.  Therefore, the major decrease in DNA yield must 
have been attributed to the purification step with Qiagen.  These results were observed at 
all dilutions.  There are techniques to enhance the Qiagen purification yield, such as 
increased incubation time with the elution buffer (Buffer ATE) and increased volume 
with the elution buffer (Buffer ATE).44  During development of techniques, a balance of 
quality results and time-consumption must be achieved.  Based on the quantification 
results, the direct lysis with trypsin-ZyGEM on samples containing only semen may 
improve that balance of criteria.   
3.4.2 Profile Analysis 
In order for a DNA extraction method to be successfully implemented in 
laboratories, the method must produce quality STR profiles via capillary electrophoresis.  
All samples from the dilution series were carried through capillary electrophoresis and 
profile interpretation.  Full STR profiles were produced for at least one replicate at each 
target mass for each extraction method.  An example of a full STR profile obtained is 
illustrated in Figure 17.  Stutter artifacts were observed with all three extraction 
techniques in samples mainly with higher target masses of 1 ng and 0.5 ng.  Although the 
presence of these artifacts was simple to identify, the same artifacts in casework samples 
could be confused with a minor contributor and cause complications with interpretation 
of the profiles.   
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Figure 17: Complete STR profile of male donor using the trypsin-ZyGEM extraction method.  The 
profile was amplified at a target of 0.25 ng with a 5-second injection in the Applied Biosystems® 3130 
Genetic Analyzer.  An analytical threshold of 30 RFU was used in the GeneMapper® ID-X v1.1.1 software. 
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Allelic dropout can lead to the underestimation of the number of contributors in a 
given profile.  At lower target masses, allelic dropout and, in some extreme cases, locus 
dropout, was observed for the different extraction methods.  At a target mass of      
0.0625 ng, the trypsin-ZyGEM method demonstrated more allelic dropout occurrences, 
with an average of 14/26 dropout alleles per profile, than DNA from the Qiagen 
extraction (average of 9/26 dropout alleles) and trypsin-Qiagen (average of 13/26 dropout 
alleles) methods (5-second injections) (Table 7).  Similar results are seen at the 10-second 
injection profiles when comparing the extraction methods.  The trypsin-ZyGEM method 
was the only technique to exhibit complete profile dropout (26/26 allelic dropout) at the 
low template target of 0.0625 ng with the 5-second injection data.  The samples extracted 
with trypsin-Qiagen showed two profiles with 24/26 allelic dropout and 25/26 allelic 
dropout with 5-second injections.   
 
Table 7: Average number of allelic dropout per profile at a target mass of 0.0625 ng.  There are 26 
alleles total for the 13 heterozygous loci analyzed. Trypsin-ZyGEM is denoted by T_Z, Qiagen by 
PKDTT_Q, and trypsin-Qiagen by T_Q. 
 
Extraction Method 
5-Second Injection 10-Second Injection 
Average Number of 
Allelic Dropout 
Average Number of 
Allelic Dropout  
T_Z 14/26 9/26 
PKDTT_Q 9/26 4/26 
T_Q 13/26 8/26 
 
 
Trypsin-Qiagen extracted samples began to exhibit allelic dropout at 0.25 ng 
target masses (5-second injection) (Figure 18).  Allelic dropout (5-second injection) was 
not exhibited until 0.125 ng was targeted using the trypsin-ZyGEM extraction (Figure 
19).  Only at target masses of 0.0625 ng did the Qiagen extracted samples show allelic 
dropout (5-second injection) (Figure 20).  
52 
 
 
Figure 18: Profile exhibiting dropout beginning at 0.25 ng for the trypsin-Qiagen method.  Blue and 
yellow channels are displayed.  An analytical threshold of 30 RFU was used in the GeneMapper® ID-X 
v1.1.1 software. 
 
 
 
 
Figure 19: Profile exhibiting dropout beginning at 0.125 ng for the trypsin-ZyGEM method. Blue and 
yellow channels are displayed.  An analytical threshold of 30 RFU was used in the GeneMapper® ID-X 
v1.1.1 software. 
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Figure 20: Profile exhibiting dropout beginning at 0.0625 ng for the Qiagen method.  Blue and yellow 
channels are displayed.  An analytical threshold of 30 RFU was used in the GeneMapper® ID-X v1.1.1 
software. 
 
 
Peak height ratios (PHR) were calculated at 13 heterozygous loci, omitting the 
Amelogenin locus and two homozygous loci.  Samples that exhibited complete locus 
dropout were omitted from analysis.  Heterozygous loci with only one of the alleles 
exhibiting dropout were analyzed by setting the peak height of the allele that was not 
detected to 15 RFU.  By setting the fluorescence to 15 RFU, it was neither consistently in 
support of or detrimental to obtaining a favorable PHR.  Peak height ratio averages were 
all above 60% for the 5-second injection analysis with the exception of the Qiagen 
extraction targeted at 0.0625 ng, which had an average PHR of 59% (Figure 21).  For 
each extraction technique, the trend that PHR decreases as target mass decreases was 
apparent.  There was not a single extraction technique that consistently produced better 
PHR over the other two techniques at each target mass.   
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Figure 21: Peak height ratios of samples amplified at a range of target masses with three different 
extraction techniques at 5-second injections.  Extraction techniques used were the trypsin-ZyGEM 
(T_Z), Qiagen (PKDTT_Q), and trypsin-Qiagen (T_Q) methods.  Data were generated by JMP Pro v. 11.2 
statistical software.  Blue lines indicate the mean PHR and the standard error. 
 
 
 Similar trends were seen with PHR of each extraction method for the 10-second 
injection analysis (Figure 22).  Samples targeted at 0.125 ng and 0.0625 ng, were 
analyzed at 10-second injections during DNA separation in the genetic analyzer.  
Increased injection times of these LT samples did not significantly alter PHR as seen in 
the 5-second injection analyses.  The PHR (target mass 0.0625 ng and 0.125 ng) for the 
trypsin-ZyGEM, Qiagen, and trypsin-Qiagen extractions for the LT DNA samples at 5-
second injections were 61-70%, 59-74%, and 62-76%, respectively.  At the 10-second 
injections, the PHR for the extraction techniques were 61-69%, 58-74%, and 59-76%, 
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respectively. Overall, the trypsin-ZyGEM and Qiagen methods presented higher PHR at 
each target mass, thus making profile interpretation less complicated. 
 
 
Figure 22: Peak height ratios of samples amplified at target masses of 0.125 ng and 0.0625 ng with 
three different extraction techniques at 10-second injections.  Extraction techniques used were the 
trypsin-ZyGEM (T_Z), Qiagen (PKDTT_Q), and trypsin-Qiagen (T_Q) methods.  Data were generated by 
JMP Pro v. 11.2 statistical software.  Blue lines indicate the mean PHR and the standard error. 
 
 
 Interpretation of the results presented indicates that the trypsin-ZyGEM extraction 
method can be applied to forensic DNA typing with extraction of sperm cells from cotton 
swabs.  This extraction method showed significantly higher DNA recovery yields than 
the standard Qiagen differential extraction and it proved to be compatible with 
downstream PCR testing and capillary electrophoresis.  The DNA profiles presented are 
comparable in quality to those generated with the standard Qiagen differential extraction, 
however, samples containing a mixture of epithelial cells and sperm cells were not 
explored in this study. 
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4. CONCLUSIONS AND FUTURE DIRECTIONS 
 The trypsin-ZyGEM extraction method yields data indicating it is an alternative 
technique than can be used on swab samples containing semen.  The use of TE buffer 
improved cellular elution, however, direct sperm cell lysis with the trypsin-ZyGEM 
method outperformed the two-phase method comprised of an elution step followed by 
cellular digestion.  Direct lysis with trypsin yielded results that showed a significant DNA 
recovery increase compared to the Qiagen differential extraction, which utilizes 
proteinase K and DTT over a silica membrane column.  Using the direct cellular lysis 
with trypsin-ZyGEM extraction method, it was also determined that cells on the cotton 
swabs were not effectively eluting into solution.  The data showed that the recoverability 
of DNA was at least 9 times larger than in the original incubation using the two-phase 
trypsin-ZyGEM extraction. To increase the number of cells eluted, other studies have 
utilized experimental use of detergents, sonication, swab-type, and time and temperature 
controls.  In this study, procedures with Accumax did not benefit cellular elution, 
however, these other factors can be implemented into the trypsin-ZyGEM extraction 
protocol to determine optimal conditions for future studies.   
 The trypsin-ZyGEM method was also amendable to amplification and capillary 
electrophoresis and generated STR profiles comparable to the standard Qiagen 
differential extraction.  Increased allelic dropout at lower target masses was observed for 
the generated profiles relative to other extraction protocols; however, increasing the 
injection time in the genetic analyzer recovered some alleles.  Additionally, peak height 
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ratios were all above 60% for samples targeted at 0.0625 ng and above for all extraction 
methods.  
 Before implementation in forensic laboratories, this differential extraction method 
must be adapted for swab samples containing a mixture of vaginal epithelial cells and 
sperm cells.  The presence of epithelial cells on mixture swab samples can significantly 
impact the quantity and quality of the male contributor DNA profile.  Purity of the non-
sperm cell fraction and sperm cell fraction is a concern regarding differential extractions 
and must be explored in future analyses. 
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